Introduction {#sec0005}
============

The continued outbreak of coronavirus disease 2019 (COVID-19) in Europe is a significant public health concern. Several European countries have reported imported cases of COVID-19 from Italy, the epicenter in Europe. Local transmission of COVID-19 has been confirmed in certain European countries. As of March 10, 2020, confirmed cases of COVID-19 had reached 10 000 in Italy, had exceeded 1000 in Spain, France, and Germany, and were growing quickly in other European countries ([@bib0045]). In terms of deaths caused by COVID-19, more than 800 had been reported in Italy and approximately 50 in each of Spain and France, but only three had been reported in Germany. Based on the diversity in the number of infected cases and deaths, European and local authorities should adopt country-specific measures to prevent onward transmission of COVID-19.

Working with the World Health Organization (WHO), the European Centre for Disease Prevention and Control (ECDC) has provided several recommendations to national and regional authorities in Italy to contain the further spread of COVID-19. Italian governments locked down the northern region of Lombardy, where several clusters of COVID-19 cases had been found, on March 8, 2020; this lockdown was extended to the whole country on March 9, 2020. Spain, France, and Germany have also announced different measures aimed at stopping the rapid spread of COVID-19. The adoption of time-sensitive prevention and control measures depends on real-time monitoring of the transmissibility and mortality of COVID-19 in each country.

Current evidence on the transmissibility and mortality of COVID-19 has been focused on China ([@bib0030]). Little attention has been paid to European countries. Given the rapid increase in COVID-19 in Europe, it is urgent to understand the transmissibility and mortality in key European countries in order to guide the implementation of prioritized prevention and control measures. The real-time reproduction number (*R*(*t*)), defined as the number of secondary cases one case would produce over the course of the outbreak, is useful to monitor the transmissibility of COVID-19 over time ([@bib0040]). Therefore, *R*(*t*) calculates the effective reproduction number when immunity intervention measures are implemented. By contrast, the basic reproduction number (*R* ~0~) is the reproduction number when no immunity from past exposures or vaccination, or any deliberate intervention in disease transmission has occurred. As a result, it is more appropriate to use *R*(*t*) to monitor the real-time transmissibility when public measures are in place. The case fatality rate (CFR) can be used to measure the mortality rate.

Methods {#sec0010}
=======

Data source {#sec0015}
-----------

Data were obtained from daily laboratory-confirmed cases of COVID-19, made publicly available by the WHO in the 'Coronavirus disease (COVID-2019) situation reports' since January 14, 2020 ([@bib0045]). Beginning on January 21, 2020, the WHO released reports on the daily and cumulative number of COVID-19 cases at the provincial level in China and at the country level outside of China. For this analysis, data up to March 9, 2020 were used. Local transmission has been observed in selected European countries from February 20, 2020 and onwards ([Figure 1](#fig0005){ref-type="fig"} ).Figure 1

Estimates of the effective reproduction number (*R*(*t*)) {#sec0020}
---------------------------------------------------------

Two statistical methods were employed to estimate *R*(*t*) values: the exponential growth rate (EG) method and the time-dependent (TD) method.

In the EG method, the reproduction number is computed as the transformation of the exponential growth rate, which is estimated by fitting a Poisson regression model over the exponential growth stage of an outbreak, under the assumption of a gamma distribution of generation time ([@bib0040], [@bib0030]).

The TD method calculates real-time effective reproduction numbers by averaging overall transmission networks that are compatible with the observed epidemic curve ([@bib0040]). The TD method employs a Bayesian statistical framework, which allows real-time estimation by taking into account yet-unrecorded cases before the end of the outbreak. The TD method is well-suited to account for imported cases in the early outbreak ([@bib0005]).

With the methods mentioned above, the generation time (GT), measured by the onset time lag between primary and secondary cases, is required; however this cannot easily be obtained. Here, it was assumed that the GT is equal to the incubation period, which was estimated to be 5.8 days (standard deviation (SD) 2.6 days) based on previous research ([@bib0025]). We also used the assumption of 4 days (SD 2.4 days) in the sensitivity analysis ([@bib0015]). The R0 package, an R-language coded statistical package, was used to estimate the reproduction numbers of COVID-19 ([@bib0010]). As shown in Supplementary Material Figure S1, the TD method provides a good fit for the epidemic curve.

Estimates of the case fatality rate (CFR) {#sec0025}
-----------------------------------------

Early in an outbreak, the naïve CFR (nCFR) -- the ratio of reported deaths to cases -- tends to underestimate the true CFR because final outcomes are unknown for some cases ([@bib0020]). By accounting for the time interval (*T*) between case confirmation and death, we can, therefore, obtain a more accurate estimate of the denominator for the CFR ([@bib0035]). Two alternative approaches were used to estimate the CFR in real-time, the nCFR and the adjusted CFR (aCFR)), as described below.•nCFR = *D*(*t*)/*C*(*t*); division of the number of cumulative deaths by the number of cumulative cases at time *t*.•aCFR = CFR3 = *D*(*t*)/*C*(*t*-interval); division of the number of cumulative deaths by the number of cumulative cases at time (*t* -- *T*). Here, *T* is the average time from case confirmation to death. We assumed 1, 3, and 5 days due to the lack of data.

Results {#sec0030}
=======

With the EG method, all possible combinations of begin and end dates that might yield a good fit were tested. For Italy, the period starting on February 23 and ending on March 9 yielded the best fit for exponential growth, with daily growth rate *r* = 0.21 ([Table 1](#tbl0005){ref-type="table"} ). The corresponding *R*(*t*) was 3.27 (95% confidence interval (CI) 3.17--3.38) for T1 and 2.30 (95% CI 2.25--2.35) for T2. For France, the epidemic curve for the period February 23 to March 9 yielded the best fit for exponential growth, giving *r* = 0.36. The corresponding *R*(*t*) was 6.32 (95% CI 5.72--6.99) for T1 and 3.60 (95% CI 3.37--3.85) for T2. For Germany, the period between February 21 and March 9 led to the best fit, with *r* = 0.34; the corresponding *R*(*t*) was 6.07 (95% CI 5.51--6.69) for T1 and 3.50 (95% CI 3.28--3.74) for T2. For Spain, the period starting on February 19 and ending on March 9 yielded the best fit, giving *r* = 0.30. The corresponding *R*(*t*) was 5.08 (95% CI 4.51--5.74) for T1 and 3.11 (95% CI 2.86--3.37) for T2. Overall, there were slight differences in the goodness of fit (*R* ([@bib0030])) and estimated *R*(*t*) across possible combinations of the testing period.Table 1Epidemic growth rates and corresponding reproduction numbers estimated by exponential growth rate (EG) method[a](#tblfn0005){ref-type="table-fn"}Table 1CountryStart date (m/d/y)End date (m/d/y)*R* ([@bib0030])Growth rate (/day)T1 (GT = 5.6 days)T2 (GT = 4 days)*R*(*t*)95% CI*R*(*t*)95% CIItaly**02/23/202003/09/20200.9520.213.273.173.382.302.252.35**02/22/202003/09/20200.9490.213.363.263.472.352.302.4002/24/202003/09/20200.9470.213.283.173.402.312.252.3602/25/202003/09/20200.9410.213.223.113.342.282.222.3302/26/202003/09/20200.9340.213.243.123.362.282.232.3402/23/202003/07/20200.9330.213.223.103.342.282.222.3302/22/202003/07/20200.9300.213.333.213.462.332.272.3902/24/202003/07/20200.9250.213.233.103.362.282.222.34France**02/23/202003/09/20200.8330.346.325.726.993.603.373.85**02/24/202003/09/20200.8210.346.245.646.913.573.333.8202/25/202003/09/20200.8080.346.125.526.793.523.293.7802/23/202003/07/20200.8070.376.966.038.053.843.494.2402/26/202003/09/20200.7920.335.965.366.623.463.223.7202/24/202003/07/20200.7910.366.815.887.903.793.434.1802/27/202003/09/20200.7740.325.735.156.403.373.133.6302/25/202003/07/20200.7730.356.605.687.683.713.354.11Germany**02/21/202003/09/20200.8360.346.075.516.693.503.283.74**02/22/202003/09/20200.8270.336.025.466.643.483.263.7202/23/202003/09/20200.8170.335.955.406.573.463.243.7002/21/202003/07/20200.7720.397.656.658.834.103.734.5102/21/202003/08/20200.7720.336.015.366.753.483.223.7702/22/202003/07/20200.7580.397.586.588.764.073.704.4902/22/202003/08/20200.7580.335.945.296.693.453.193.7402/23/202003/07/20200.7420.387.486.488.664.033.664.45Spain**02/19/202003/09/20200.8440.305.084.515.743.112.863.37**02/19/202003/07/20200.8420.366.635.607.893.723.324.1802/20/202003/09/20200.8360.305.044.475.703.092.853.3602/20/202003/07/20200.8330.356.585.567.843.703.304.1602/21/202003/09/20200.8270.295.004.425.663.072.833.3402/21/202003/07/20200.8230.356.525.497.783.683.284.1402/22/202003/09/20200.8170.294.944.365.603.052.803.3202/22/202003/07/20200.8110.356.445.417.703.653.244.11[^2][^3]

With the TD method, all two-generation intervals yielded similar trends in *R*(*t*) values with time ([Figure 2](#fig0010){ref-type="fig"} ). For Italy, from February 27 and onwards, *R*(*t*) values were in the range of 2--4. The *R* value for March 9 was 3.10 (95% CI 2.21--4.11) for the T1 method and 2.23 (95% CI 2.05--2.42) for the T2 method. For France, *R* values ranged between 4.5 and 6.5, and were 6.56 (95% CI 2.04--12.26) for the T1 method and 4.24 (95% CI 3.16--5.40) for the T2 method. For Germany, *R*(*t*) values were decreased from 8 to 4, and were 4.43 (95% CI 1.83--7.92) for the T1 method and 2.86 (95% CI 2.23--3.57) for the T2 method. For Spain, *R* values were in the range of 3--7. The *R* value for March 8 was 3.95 (95% CI 0--10.19) for the T1 method and 2.75 (95% CI 1.66--3.87) for the T2 method. Zero cases were reported on March 2 for France, March 1 for Germany, and March 2 for Spain; corresponding *R*(*t*) for those dates were zero.Figure 2

As of March 9, 2020, there had been 366 deaths in Italy, 19 in France, and 10 in Spain. No death had been reported in Germany. The nCFR for Italy was 4.96%, while it was 1.70% for both France and Spain. The magnitude of the CFR depended on the calculation method: the aCFR yielded a higher estimate ([Figure 3](#fig0015){ref-type="fig"} ).Figure 3

Discussion {#sec0035}
==========

Based on different models, the reproduction numbers in Italy, Spain, France, and Germany were all higher than 2, indicating that the outbreak of COVID-19 will continue. More strict prevention and control measures are recommended in these countries to slow the spread of COVID-19. Currently, the effects of lockdown in Italy remain unknown. Quarantining Hubei Province, including the epicenter Wuhan City, has been found to be effective in slowing the rapid increase in new cases of COVID-19. Continued monitoring of new cases of COVID-19 reported in Italy is greatly needed to better assess the effects of lockdown within Italy. The quarantine of Hubei Province also prevented the transmission of COVID-19 in other areas of China and worldwide. Active surveillance of new cases of COVID-19 reported in other European countries could help European and local authorities to better understand the effects of lockdown outside Italy.

The mortality rate of COVID-19 in Italy was found to be higher than that in China ([@bib0050]). The higher mortality rate could be attributed to the ongoing nature of the outbreak, different age distributions of the population, and different treatment strategies. The epidemic in Italy started in Lombardy, and using the entire country of Italy will tend to underestimate the burden in Lombardy. Although this study focused on *R*(*t*) at the country level, we also calculated the *R*(*t*) for Lombardy, which ranged from 6.39 (95% CI 6.13--6.65) to 3.26 (95% CI 2.70--3.86), suggesting that Lombardy is a higher-epidemic province. Continued monitoring of deaths caused by COVID-19 in Italy is required to better care for patients. The mortality rates of COVID-19 in Spain and France were found to be lower than that in China but higher than those in most other countries. New cases of COVID-19 reported in Spain and France have recently been skyrocketing. Real-time monitoring of deaths related to newly confirmed cases of COVID-19 is of significance in Spain and France. European and local authorities should investigate and learn from Germany on how to maintain a low mortality rate.

There are several limitations to keep in mind when interpreting the results of this study. First, due to limited laboratory capacity, the actual epidemic may not be reflected by counts of laboratory-confirmed cases reported. Second, the estimation of the reproduction number is heavily dependent on the generation time, which may be difficult to obtain early in an outbreak. Third, fitting the real-life epidemic curve to the statistical model is challenging. Fourth, the constant assumption of CFR may be violated if a new treatment emerges or more mild cases are identified over the course of the epidemic.

To summarize, this study provides important findings on the early outbreak of COVID-19 in Europe. The ECDC should monitor the transmissibility and mortality in European countries to prevent transmission and reduce death from COVID-19. If a rapid increase in cases of COVID-19 is found in any country, the ECDC should work closely with the WHO to visit that country and provide recommendations, in addition to supporting control and prevention efforts. Special attention should be paid to Italy in order to understand the effects of the country lockdown on the spread of COVID-19 both within and outside Italy. Due to the recent rapid increase in new cases of COVID-19, real-time monitoring of the transmissibility and mortality in Spain and France is a priority. Although the outbreak of COVID-19 is still an important concern in Germany, it would be beneficial to understand the measures related to the low mortality rate. Other European countries should continue to prepare for and respond to COVID-19 and learn from Italy, Spain, France, and Germany on relevant prevention and control measures.
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